We investigate the reaction of clumpy stellar distributions to gas expulsion. We show that regions containing highly unbound substructures/subclusters after gas expulsion can produce a significant final bound cluster. The key quantity in determining if a region is able to form a bound cluster is the global virial ratio, and so regions must be looked at as a whole rather than by individual substructure/subclusters when determining if they might survive as a bound cluster.
INTRODUCTION
Stars form from cold molecular gas, and the efficiency at which a cloud is able to convert gas to stars is thought to be only 10s of per cent (Carpenter 2000; Jørgensen 2008 , Evans et al. 2009 Lada 2010; Lada, Lombardi & Alves 2010; Murray 2011 ). Therefore the environment in which young stars find themselves contains significant amounts of gas. However, by (at most) 10 Myr the gas has been dispersed by feedback (internal and/or external) and the stars are 'naked' (Lada & Lada 2003) .
The loss of a significant fraction of the mass of a star forming region could potentially unbind a previously bound 'cluster' and disperse the stars into the field. Therefore, there has been extensive interest in the effects of gas loss on the dynamics of the stars (Tutukov 1978; Hills 1980; Lada, Margulis & Dearborne 1984; Goodwin 1997; Goodwin & Bastian 2006; Baumgardt & Kroupa 2007; see Goodwin 2009 for a review).
Most previous work has assumed gas loss from a single bound cluster in which the stars and gas are in equilibrium. However, it has been pointed out that it is the exact dynamical state of the stars at the time of gas expulsion that is crucial and that gas expulsion can be significantly more or less important depending on whether the stars are slightly 'hot' or 'cold' (Lada et al. 1984; Verschueren & David 1989; Goodwin & Bastian 2006; Goodwin 2009 ). Recently Smith et al. (2011a,b; 2013) have shown that gas expulsion during a period when substructure is relaxing can significantly complicate and confuse matters, and Moeckel et al. (2012) point out that low-N dynamics can mimic the effects of gas expulsion.
In this paper we examine gas expulsion from a substructured region. We perform very simple N -body simulations of groups of subclusters that have each undergone instan-⋆ E-mail: s.goodwin@sheffield.ac.uk taneous gas expulsion. We find that significant final bound clusters can remain even when the subclusters have each been very violently destroyed. This is because even though each subcluster is destroyed, they sit in a larger global potential due to all of the other subclusters in which a bound final cluster can form. We find that the global virial ratio is the key parameter in determining survival.
In Section 2 we describe our initial conditions, and present the results of our simulations in Section 3. We discuss the implications for cluster survival and draw our conclusions in Section 4.
INITIAL CONDITIONS
We perform pure N -body simulations using nbody6 (Aarseth 2003) . We do not include stellar evolution or any external potentials or tidal fields. All of our stars are single initially (a small number of soft binaries may form).
We distribute stellar masses randomly according to the Maschberger (2013) IMF with his standard parameters: α=2.3, β=1.4, µ=0.2M⊙, m l =0.01M⊙, mu=150M⊙. [The Maschberger (2013) IMF is very similar to Chabrier (2003) and Kroupa (2001) .]
Subclusters in a cluster
In every simulation we distribute N sub subclusters within a larger cluster. In all simulations we have 1000 stars in total (for a total mass of ∼ 400M⊙) which are distributed between 1 and 10 subclusters.
Initially the stars are distributed in 1, 2, 5 or 10 equal-N subclusters. Each subcluster will have approximately the same mass, but this can vary due to stochasticity in distributing randomly from an IMF. We also randomly generate other sets of initial conditions which we will describe later.
Each subcluster is a Plummer sphere with half-mass radius R sub and containing N ⋆(sub) stars. We either set R sub = 0.1 pc in all cases (constant radius subclusters), or ensure that the average density is always the same at ∼ 22000 stars pc −3 (constant density subclusters) 1 . As we shall see it makes almost no difference which of these we choose.
The virial ratio of a system is Q = T /|Ω| where T is the kinetic energy, and Ω the potential energy of the system (hence Q = 0.5 is virial equilibrium when 2T + Ω = 0). In a system which is a mixture of stars and gas, the rapid loss of the gas results in a system of stars with a virial ratio higher than that of the previous stars plus gas system.
We have three virial ratios of interest to us in this paper. Each subcluster has its own, local virial ratio, Q sub . The subclusters move with bulk velocities in a region which (if we ignore internal velocity dispersions) has a large-scale virial ratio, Qreg. The combination of local subclusters with velocity dispersions moving with bulk velocities in the region gives a total, global virial ratio, Q glob .
For a single cluster with a fraction ǫ of its mass in stars (and the rest in gas) in which the stars and gas are initially in virial equilibrium, the virial ratio of the stars after instantaneous gas expulsion will be Q = 1/2ǫ. I.e. if the cluster is a 50-50 star-gas mix (ǫ = 0.5), then the post gas expulsion virial ratio will be Q = 1.
In a single cluster in which the stars and gas are initially in global virial equilibrium, then the virial ratio after gas expulsion is directly related to the star formation efficiency (ǫ is the star formation efficiency).
However, if the stars and gas are not in equilibrium with each other or globally, then the relation to the star formation efficiency is non-trivial (see Goodwin & Bastian 2006; Goodwin 2009 ). Therefore we follow Goodwin & Bastian (2006) in referring to an effective star formation efficiency (eSFE).
We assume that very rapid (instantaneous) gas expulsion occurred in all subclusters simultaneously. This could be an external shock rapidly over-running the region, or feedback from subclusters clearing the region rapidly from within.
We take subcluster virial ratios Q sub = 0.5, 1.0, 1.5, 2.0 and 4.0, corresponding to eSFEs of 1.0, 0.5, 0.33, 0.25, and 0.125. We will plot eSFE≡ 1/2Q to aid comparisons with previous papers that tend to work in (e)SFE rather than virial ratio.
We then generate a larger Plummer sphere of half-mass radius 1 pc and virial ratio of 0.5. We replace each point in the sphere with one of the previously generated subclusters. The bulk velocities of the subclusters are such that the subclusters are virialised in the larger cluster. Note that the total energies are not such that the initial total (global) virial ratio is 0.5, as each subcluster contains an internal velocity dispersion and an internal potential energy the ratios of which are set by Q sub .
There will be stochasticity due to randomly placing a small number of subclusters within the larger region. Therefore we run ensembles of 10 simulations for each set of initial conditions in which we only vary the random number seed used to generate the initial conditions.
The initial conditions are summarised in Table 1 . This lists the number of subclusters, N sub , and the number of stars in each subcluster, N ⋆(sub) (= 1000/N sub ), the radius of each subcluster, R sub , the virial ratio of each subcluster Q sub , and the density of each subcluster, ρ sub . Each set of subclusters is placed in a larger virialised cluster of radius 1 pc (except the N sub = 1 ensembles for which this would make no sense). Total system virial ratios are listed in the column Qtot, these values are averages since each system in an ensemble is slightly different.
Each simulation is followed for 10 Myr. As a guide, the crossing time of a virialised 400 M⊙ cluster with a half-mass radius of 1 pc is ∼ 0.75 Myr. The crossing time of a virialised 20 M⊙ subcluster of radius 0.1 pc is ∼ 0.1 Myr. However, the systems evolve and change so rapidly, that these initial values of local timescales are only rough guides to the actual timescales.
Final bound fractions
We calculate the final bound fraction of stars in a simulation iteratively as the centre of the remaining stars in a bound 'cluster' may well not be at the centre of mass and may be moving (see Smith et al. 2013 ). First we calculate the number of stars bound to the centre of mass and centre of velocity of the entire system (set by us initially to both be at zero). We then use only the bound stars to calculate a new centre of mass and velocity and repeat the process until the number of bound stars changes by less than 2 (this usually happens after only 2 or 3 iterations).
Summary
Between 1 and 10 subclusters are placed in a bulk virialised 1 pc region. Each subcluster has an initial virial ratio corresponding to an internal effective star formation efficiency varying from 100 per cent (virialised subclusters) to 12.5 per cent (highly supervirial subclusters).
These systems are evolved for 10 Myr and the fraction of stars still bound in a cluster is determined. Fig. 1 shows an example of a clumpy initial conditions set produced with this method -a substructured region with 10 subclusters within a larger region. Ensembles of simulations are required as stochasticity will alter both the positions and velocities of the subclusters in statistically 'identical' regions.
RESULTS
After 10 Myr the final bound fraction, f bound is determined for each simulation. Fig. 2 shows the final bound fraction against 1/2Q glob for all of the simulations in this paper: constant radius, constant density, and some complex simulations we will describe later. The grey triangles connected by the grey lines are the results for instantaneous gas expulsion from a single cluster from Baumgardt & Kroupa (2007) and all of the results follow this trend.
Green points correspond to systems in which the subcluster virial ratios were Q sub = 0.5, red to Q sub = 1.0, black Table 1 . Initial conditions for sub-clusters of constant radius (above the line) and constant density (below the line). N sub is the number of sub-clusters, N ⋆(sub) is the number of stars in a sub-cluster, R sub is the sub-cluster half-mass radius in pc. Q sub is the virial ratio of the sub-clusters, while Qtot is the total virial ratio of the system. ρ sub is the half-mass number density of the sub-clusters. 10 runs with different random number seeds were simulated for each set. to Q sub = 1.5, blue to Q sub = 2.0 and orange to Q sub = 4.0. All points, no matter what the exact details of the initial conditions, follow a clear sequence from a low final bound fraction when 1/2Q glob is low, to a high final bound fraction when 1/2Q glob is high. And this relationship is very similar to that of a single cluster. Therefore, we see that the final bound fraction depends only on the global virial ratio, and not the details or virial ratio of the substructure (except, of course, how those details set the global virial ratio).
Note that in Fig. 2 the green points at 1/2Q glob ∼ 1 are for virialised subclusters in a virialised region. These have an eSFE of roughly unity (it is quite possible to have an effective SFE of > 100 per cent). 2 shows that if 1/2Q glob < 0.2 (Q glob > 2.5) the entire system is unbound after 10 Myr. This is unsurprising as the system is highly unbound.
We also see that if 1/2Q glob > 0.5 (Q glob < 1) the majority of the system remains bound. This should be of no surprise as the system is globally bound. Note that the small-N means that the relaxation time is low and significant numbers of ejections can occur. (Note that very bound distributions can collapse and eject more stars therefore resulting in a lower final bound fraction.)
Between 1/2Q glob = 0.2 and 0.5 there is a clear trend of increasing final bound fractions with increasing 1/2Q glob (decreasing Q glob ) which is exactly what would be expected. However, this is rather noisy. For 1/2Q glob ∼ 0.4 the final bound fraction ranges between around 0.3 and 0.7. This is due to a variety of sources of stochastic noise: in particular the exact distribution of subclusters within the region, and the distribution of the most massive stars in both real and velocity space (the stochastic loss or retention of a particularly large star can have significant consequences to the total mass and later evolution of the bound components).
To further test the relationship between f bound and 1/2Q glob we generated a number of 'complex' initial conditions in which we randomly sampled the number of subclusters (between 3 and 10), the virial ratio of each subcluster (between 0.5 and 3), the number of stars in each subcluster (between 100 and 300), the radius of each subcluster (between 0.075 pc and 0.15 pc), and the virial ratio of the region (between 0.25 and 0.75).
For example, in one set of complex initial conditions 4 subclusters were selected with N sub = 123, 106, 212 and 180 stars, virial ratios Q sub = 2.05, 1.75, 1.45 and 2.28, and radii R sub = 0.095, 0.13, 0.123 and 0.078 pc and placed in a 1 pc region with Qreg = 0.63. The global virial ratio for this region is Q glob = 1.24, or 1/2Q glob ∼ 0.4. From this Q glob we would expect a final bound fraction of around 50 per cent, and we find that the actual value is 60 per cent. A variety of complex initial conditions are shown by the purple crosses which all lie on the relationship from the rather simpler initial conditions described earlier.
The overlap between the different initial conditions in fig. 2 shows that regions with different initial values of Q sub can result in similar final bound fractions. We investigate this further by plotting the final bound fraction against the number of subclusters in fig. 3 for the virial ratios of (from top to bottom) Q sub = 0.5 (green), 1.0 (red), 1.5 (black), 2.0 (yellow), and 4.0 (blue). The top panel of fig. 3 is for constant radius subclusters, the bottom panel for constant density subclusters.
Both the constant radius and constant density subclusters show very similar behaviour which is the same to within the stochastic errors. The basic trend of fig. 3 is that regions with lower-Q sub subclusters have a larger fraction of their mass retained in a final cluster. This is as expected, and the first points with only one subcluster match very well the known results for single clusters (e.g. Baumgardt & Kroupa 2007 ; small differences are due to the effects of the small-N clusters we simulate). The black points have Q sub = 1.5 corresponding to an eSFE of 33 per cent -the critical eSFE for a small cluster remaining bound (e.g. Goodwin & Bastian 2006; Baumgardt & Kroupa 2007) .
What is perhaps unexpected is that in all cases the final bound fraction increases with increasing numbers of subclusters. This effect gives rise to the overlaps in fig. 2 and is especially pronounced for Q sub = 1.5 (black) and 2.0 (yellow) where the final bound fraction rises from roughly zero for N sub = 1, to 0.4-0.6 when N sub = 10. Thus, large numbers of highly unbound subclusters can result in a significant bound cluster.
The reason for the trend of increasing bound fraction with increasing numbers of subclusters is that the (supervirial) velocity dispersion of the subclusters decreases as their mass decreases, hence they are more bound relative to the whole system. We expect stars to remain bound if their velocity in the centre of mass/velocity frame of the whole region of size Rtot and mass Mtot is less than the escape velocity, vesc, for the whole region
If the region contains N sub subclusters each with mass Mtot/N sub and virial ratio Q sub , then the typical velocity, v sub , in each subcluster will be
Hence for larger values of N sub we have a lower velocity for the same value of Q sub . A subtlety is that the subclusters have a bulk motion in the global potential of the region. This means that their velocity dispersion will have a bulk component added. The conclusion is that we have to consider two 'virial ratios': The virial ratio of the subclusters is a measure of the local importance of gas expulsion. The virial ratio of the subclusters within the region is a measure of the relative velocities of the subclusters to each other.
The best measure of the potential survival or destruction of the whole system is the global virial ratio. The global virial ratio combines all factors into a single measure of the (un)boundness of the whole system.
DISCUSSION AND CONCLUSIONS
We have simulated what fraction of stars remain bound in a substructured region which has undergone instantaneous gas expulsion. We find that fundamental parameter that controls the future evolution of the region is the global virial ratio. The degree of substructure and local effective star formation efficiencies play no particular role other than to alter this global virial ratio.
Star forming regions clearly lose their gas in the first few Myr of their life: regions with ages less than a few Myr are still embedded, at greater ages they are naked (Lada & Lada 2003; Lada 2010) . The loss of this (significant) gaseous component must have some effect on the dynamics of the stars.
Much early work concentrated on a simple, single, roughly relaxed cluster (e.g. Lada et al. 1984; Goodwin 1997; Goodwin & Bastian 2006; Baumgardt & Kroupa 2007) . However, more complex (and probably realistic) initial conditions add stochasticity, complex dynamics, and often small-N dynamics (Moeckel & Bate 2010; Smith et al. 2011a,b; Mocekel et al. 2012; Smith et al. 2013; Farias et al. 2015) .
Probably the most interesting aspect of this paper is that it suggests that there is a single parameter -the global virial ratio -that can be used as a basic indicator of the final state, no matter how complicated the initial conditions. In summary, no matter how complex a region is internally, once gas-free whether it will form a cluster or not is governed entirely by its (stellar) global virial ratio. This means that subregions/subclusters cannot be considered in isolation from their global environment within a star forming region.
